THE KIDNEY PLAYS A MAJOR ROLE in the control of systemic acid-base homeostasis by reabsorbing filtered bicarbonate, generating new bicarbonate, and secreting protons largely bound to buffers such as phosphate and ammonia. The final step of urinary acidification occurs along the cortical and outer medullary collecting duct (OMCD) mainly through the action of vacuolar H ϩ -ATPases expressed in the luminal membrane of acid-secretory type A intercalated cells (2, 8, 15, 27, 69 -71) .
Renal acid secretion and urinary acidification are tightly regulated by a number of factors including several hormones such as endothelin, angiotensin II, and aldosterone (15, 27, 70 -71) . The influence of the renin-angiotensin II-aldosterone system (RAAS) on the ability of the kidney to excrete protons is well recognized. Both angiotensin II and aldosterone have been demonstrated to directly and indirectly influence transport pathways involved in acid secretion such as Na ϩ /H ϩ exchangers and vacuolar H ϩ -ATPases in different nephron segments (1, 16, 19 -23, 30, 51-52, 58, 75) . Aldosterone deficiency or defects in its receptor activation are causative for the hyperkalemic form of distal renal tubular acidosis (type IV dRTA) (15) .
In the connecting segment and cortical collecting duct, aldosterone stimulates the activity of the electrogenic vacuolar H ϩ -ATPase, an effect that has been proposed to be of a primarily indirect nature. Increased reabsorption of Na ϩ through the epithelial Na ϩ channel ENaC in neighboring principal cells renders the tubule lumen more negative and could, thus, facilitate proton pumping (15, 27) . We have recently demonstrated that this interaction occurs mainly in the connecting tubule (40) . Thus, the exact mechanism by which Na ϩ absorption, H ϩ secretion, and aldosterone effects are linked in the cortical collecting duct is not fully understood. In contrast, in the OMCD, aldosterone stimulates proton secretion and this effect occurs even in the absence of significant Na ϩ absorption, suggesting a direct effect on vacuolar H ϩ -ATPase activity (65) . Consistent with these observations, long-term stimulatory effects of aldosterone on vacuolar H ϩ -ATPase activity have been described in rabbit and rat OMCDs (14, 19, 30, 52) .
Cellular responses to aldosterone in the classic long-term range (i.e., responses requiring several hours or days) are mediated by alterations in gene expression driven by the binding of the steroid hormone to a cytosolic or nuclear receptor acting as a transcription factor (50, 64, 68) . However, not all biological effects of aldosterone can be explained by transcriptional or genomic effects. Over the past years an increasing number of studies have identified nongenomic effects of aldosterone in both epithelial and nonepithelial tissues (for review, see refs. 17, 46 -50, 64) . Taken together, these studies suggest the existence of novel steroid hormone receptors or possibly classical receptors embedded in the membrane that initiate nongenomic signaling cascades (17-18, 35, 49) . Activation of these putative receptors initiates several intracellular signaling cascades that appear to be tissue or cell specific, and the involvement of phospholipase C, inositol 1,4,5-trisphosphate (IP 3 ), protein kinase C pathways as well as adenylyl cyclases, cAMP and PKA-dependent pathways has been described (17, 48 -49) . In addition, activation of ERK1/2 MAPK kinases has been observed (20, 41, 57) . However, most of these studies were performed in cell culture models and only little information exists if similar pathways are activated in freshly isolated cells and tissues.
Recently, we described the direct stimulation of vacuolar H ϩ -ATPase activity in freshly isolated mouse acid-secretory intercalated cells by aldosterone. In OMCD intercalated cells, aldosterone increased vacuolar H ϩ -ATPase activity in the presence of the mineralocorticoid receptor blocker spironolactone and did not require transcription or translation. The stimulatory effect of aldosterone was associated with a transient rise in intracellular Ca 2ϩ and required intact protein kinase C (PKC) (75) . Here we further investigated the mechanism by which aldosterone stimulates vacuolar H ϩ -ATPase activity. The results present pharmacological evidence supporting the hypothesis that aldosterone acts through both PLC/ Ca 2ϩ /PKC-and cAMP/PKA-dependent pathways and requires ERK1/2 activity. Furthermore, the rapid effects of aldosterone may require a G protein-coupled membrane receptor sensitive to suramin and GP-2A but not pertussis toxin.
MATERIALS AND METHODS
Animals. C57BL/6J mice (Jackson Laboratory) (male, 12-15 wk old, 30 -35 g) were housed in climate-and humidity-controlled light-cycled rooms, fed standard rodent chow, and allowed free access to water. All studies carried out in Zurich were approved by the local Swiss Veterinary Authority (Veterinäramt, Zurich, Switzerland) and were performed according to Swiss Animal Welfare laws.
Human kidney samples. Human kidney samples were collected from patients undergoing nephrectomy for tumor removal (Department of Urology, University of Zurich, Switzerland). Informed consent was obtained from all patients and all studies were approved by the local ethics committee. Kidney samples were taken from the apparently healthy part of the removed kidneys and placed into ice-cold medium (MEM ϩ Earle's ϩ L-glutamine ϩ 25 mM HEPES, GIBCO) for transport.
Isolation of OMCDs. OMCDs were prepared from human and mouse kidneys with a small modification, as described (72, 75) . Briefly, mice were anesthetized and perfused through the left ventricle with a phosphate/sucrose buffer (140 mM sucrose/140 mM NaH 2PO4, pH 7.4) with 6 mg/ml trypsin inhibitor type II-S and 250 g/ml collagenase (Sigma). Kidneys were harvested and transferred to a dissection microscope, coronal slices 1-2 mm in thickness were prepared, and the outer medulla was dissected. Outer medulla pieces were transferred to a digestion buffer and incubated at 37°C for 30 min, washed several times with ice-cold HEPES buffer, and stored on ice until further use. Human kidney samples were cut into coronal slices, the outer medulla were identified and prepared, and small cubic pieces of about 2-3 mm in side length were incubated in the digestion buffer at 37°C for 45-60 min. After several washes with ice-cold HEPES buffer, tubules were stored on ice until further use. Human and mouse OMCDs were identified under the dissection microscope, transferred on coverslips precoated with Cell-Tak (BD Biosciences, Franklin Lakes, NJ), and allowed to adhere.
Intracellular pH measurements. Coverslips with isolated OMCDs were transferred to a thermostatically controlled perfusion chamber (Ϸ3 ml/min flow rate) maintained at 37°C on an inverted microscope (Zeiss Axiovert 200, Carl Zeiss, Feldbach, Switzerland) equipped with a video imaging system (Visitron, Munich, Germany) for the duration of the experiment. The isolated OMCDs were incubated in a HEPES-buffered Ringer solution containing the pH-sensitive dye BCECF-AM [2=,7=-bis(2-carboxylethyl)-5(6)-carboxyfluorescein ester] (10 M, Molecular Probes) for 15 min and were washed to remove all nondeesterified dye. Intracellular pH (pH i) was measured microfluorometrically by alternately exciting the dye with light at 495 and 440 nm while monitoring the emission at 532 nm with a video imaging system. Each experiment was calibrated for pHi using the nigericin/high-K ϩ method., and the obtained ratios were converted to pHi as described (66, 72, 75 (72) . The rate of H ϩ -ATPase activity was determined as the concanamycin-sensitive pHi alkalinization rate in the absence of Na ϩ . Rates were calculated over the same range of pHi (6.55-6.75 ) for all cells studied. All chemicals were of highest purity and were purchased from Sigma (Buchs, Switzerland) and Calbiochem (Merck, Darmstadt, Germany). Chemicals were added to the solutions from stock solutions at the given concentrations for each experimental protocol (Table 1) .
Intrinsic buffering power and calculation of proton fluxes. The intrinsic buffering power (␤i) is defined by the amount of acid or base that has to be added to a solution to change its pH by one unit. The ␤i of OMCD cells was measured as described previously (7, 73) , but changes in the pHi were induced by superfusion with a weak acid and the exclusion of Cl Ϫ from the bath. Rats were anesthetized with pentobarbital sodium (Nembutal, Abbott Laboratories, Abbott Park, IL, 50 mg/kg body wt ip) and treated using a modification of the protocol we described previously (55) . A 200-l bolus injection of 200 nM or 200 M aldosterone (Sigma-Aldrich, St. Louis, MO) or 20 M DOG (Cayman Chemical, Ann Arbor, MI), a cell membrane-permeable diacylglycerol analog and activator of protein kinase C, dissolved in physiological buffer was injected intravenously into the tail vein. Immediately following the bolus injection, a steady infusion of the respective drug at the same concentration was made for 15 min into the tail vein. After the infusion, the animal was perfused via the left cardiac ventricle with phosphate-buffered saline (PBS, 0.9% NaCl in 10 mM phosphate buffer, pH 7.4) followed by paraformaldehyde-lysine-periodate fixative (PLP) as previously described (54) . Three control rats were injected and infused with buffer alone, and three rats each were injected and infused with aldosterone at both concentrations or with DOG as described above. Following the PLP perfusion, the kidneys were dissected, sliced, and further fixed by immersion in PLP for 4 h at room temperature and then overnight at 4°C. Kidneys were rinsed extensively in PBS the following day and stored at 4°C in PBS containing 0.02% sodium azide.
Immunofluorescence and confocal microscopy. PLP-fixed kidney slices were cryoprotected in PBS containing 0.9 M sucrose, embedded in Tissue-Tek OCT compound 4583 (Sakura Finetek USA, Torrance, CA) and frozen at Ϫ20°C, and 5-m sections were cut on a Leica CM3050 S cryostat (Leica Microsystems, Bannockburn, IL). Sections were rehydrated in PBS and treated with 1% (wt/vol) SDS for 4 min for retrieval of antigenic sites (9). We subsequently followed a previously described immunostaining protocol which includes a 20-min blocking step in 1% (wt/vol) bovine serum albumin in PBS, a 90-min incubation with a primary antibody against the V-ATPase 70-kDa "A" subunit (34) diluted in Dako antibody diluent (Dako, Carpinteria, CA), and a 60-min incubation with Alexa Fluor 594 goat anti-rabbit IgG (HϩL) (Invitrogen, Carlsbad, CA) at 2.5 g/ml as secondary antibody, all at room temperature (55) .
Digital images were acquired using a Nikon 80i epifluorescence microscope (Nikon Instruments, Melville, NY) equipped with an Orca 100 CCD camera (Hamamatsu, Bridgewater, NJ). Images were acquired using IPLab version 3.2.4 (Scanalytics, Fairfax, VA) and final figures were produced using Adobe Photoshop version CS2 image editing software (Adobe Systems, San Jose, CA) (55) .
Statistics. Data are presented as means Ϯ SE. One-way ANOVA with Bonferroni post test was performed when comparing means across three or more groups. All other data were tested for significance using the unpaired Student's t-test, and only results with P Ͻ 0.05 were considered as statistically significant.
RESULTS

Rapid stimulation of H
ϩ -ATPase activity in mouse OMCD intercalated cells by aldosterone. In type A acid-secretory intercalated cells of mouse OMCD, the mean initial pH i was 7.31 Ϯ 0.01 (Table 2) . pH i acidified after removal of sodium from the bath and alkalinized after the addition of an NH 4 Cl pulse (20 mM) (Fig. 1A) . After removal of NH 4 Cl from the perfusion chamber, the OMCD intercalated cells were acidified to a mean pH 6.42 Ϯ 0.01. In the continued absence of Na ϩ the intracellular pH i recovered slowly. The observed intracellular alkalinization rate was 0.031 Ϯ 0.002 pH i units/min. This alkalinization is mainly due to the activity of H ϩ -ATPases and is mostly inhibited by the specific inhibitor concanamycin as previously shown (72, 75) . Readdition of Na ϩ to the bath led to a rapid increase of pH i to the initial value mediated by Na ϩ /H ϩ exchange (Fig. 1A) . Preincubation of mouse OMCDs with 10 nM aldosterone for 20 min at 37°C increased the Na ϩ -independent alkalinization rate 2-3 fold to 0.069 Ϯ 0.002 pH i units/min as observed previously (75) . To test for the immediate onset of stimulation, 10 nM aldosterone was added to the bath 3 min before the solution was switched to Na ϩ -free conditions (75) . The stimulation of H ϩ -ATPase activity was similar to the 20-min preincubation (0.081 Ϯ 0.006 pH units/min) ( Table 2 and Fig.  1 ), suggesting that the nongenomic stimulation of H ϩ -ATPase activity occurs within a very short time frame. Addition of 1 nM aldosterone in the same experimental series (3-min preincubation) led to a small but significant increase of the Na ϩ -independent alkalization rate (0.041 Ϯ 0.004 pH units/min, Table 2 and Fig. 1 ). The steroid hormone hydrocortisone had no effect at similar concentrations (10 nM) with preincubation periods of 20 min (0.030 Ϯ 0.002 pH units/min, Table 2 and Fig. 1 ). Thus, aldosterone specifically stimulates H ϩ -ATPase activity in OMCD intercalated cells in a concentration-dependent manner and this effect occurs very rapidly, consistent with a rapid and nongenomic effect (75) .
We also measured intrinsic buffering power (␤ i ) in OMCD intercalated cells. Incubation with 10 nM aldosterone for 20 min decreased ␤ i significantly from 42.8 Ϯ 1.5 (n ϭ 61) to 34.0 Ϯ 1.4 (n ϭ 58) (P Ͻ 0.001). Net proton fluxes were calculated and found to be significantly stimulated by aldosterone (Fig. 1C) .
Aldosterone stimulates H ϩ -ATPases in human OMCD cells. Similar to the effect observed in freshly isolated mouse OMCD intercalated cells, aldosterone also stimulated H ϩ -ATPase activity in freshly isolated human OMCDs prepared from human kidney samples after nephrectomy. The basal Na ϩ -independent pH i recovery rate was 0.028 Ϯ 0.002 pH i units/min (Table 3 and Fig. 2 ). After preincubation with 10 nM aldosterone for 20 min the intracellular pH i recovery rate increased twofold to 0.067 Ϯ 0.004 pH i units/min (Table 3 and Fig. 2) . Because of the limited access to human tissue, further studies were performed with mouse tissues. However, the results demonstrate that the stimulatory effect of aldosterone occurs also in human renal tissue and is not restricted to mouse OMCD intercalated cells.
The rapid stimulatory effect of aldosterone requires G ␣q proteins and phospholipase C activity. Aldosterone has been shown to require phospholipase C activity for its rapid effects in other tissues (6, 11) . To investigate whether G proteins might be involved in the aldosterone-induced stimulation of H ϩ -ATPase activity in mouse OMCDs, suramin (200 M), a general and relatively unspecific inhibitor of G proteins (32), was used. Preincubation with suramin (200 M) alone had no effect on the basal rates of alkalinization, whereas it prevented completely the stimulatory effect of aldosterone (Table 4 and Fig. 3 ). Pertussis toxin (200 ng/ml), which inactivates more specifically G i and G o G proteins, had no effect alone and did not prevent the stimulatory effect of aldosterone (Table 4 and Fig. 3 ). In contrast, GP-2A (20 M), a small peptide inhibitor of G ␣q proteins (33) , abolished the stimulatory effect of aldosterone, whereas it did not affect the basal activity (Table 4 and Fig. 3) . Inhibition of phospholipase C activity with U-73122 (10 M) completely impeded the stimulation by aldosterone (Table 4 and Fig. 3B ). In contrast, the inactive analog U-73343 (10 M) was unable to prevent the stimulatory effect of aldosterone (Table 4 and Fig. 3C ). Thus, the rapid nongenomic action of aldosterone may require a G ␣q protein-coupled membrane receptor and phospholipase C activity. Intracellular calcium, protein kinase C, and ERK1/2 participate in the stimulatory action of aldosterone. We had previously shown that aldosterone acutely and transiently raised intracellular Ca 2ϩ in mouse OMCD intercalated cells (75) . Therefore, we tested whether intracellular Ca 2ϩ is involved in the stimulatory effect of aldosterone. Chelation of intracellular Ca 2ϩ by preincubation of isolated OMCDs with BAPTA-AM abolished the stimulation of H ϩ -ATPase activity without altering the basal activity (Table 4 and Fig. 4) .
Inhibition of PKC activity with chelerythrine (1 M) prevented completely the stimulatory effect of aldosterone in mouse OMCDs. On the other hand, incubation with the PKC activator DOG (1 M) mimicked the effect of aldosterone and increased H ϩ -ATPase activity twofold (Table 4 and Fig. 4) . We had previously shown that acute application of aldosterone increased luminal localization of H ϩ -ATPases in vivo (75) . Here, collecting duct A-type intercalated cells of rats exhibited a similar response to aldosterone as after exposure to the cell-permeable cAMP analog CPT-cAMP (55) . H ϩ -ATPase localization following aldosterone became more polarized, and apical H ϩ -ATPase immunostaining intensity increased markedly in most kidney regions, especially in the outer medulla (Fig. 5, A and C) . Infusion of DOG had a similar effect as aldosterone alone (Fig. 5B) . As previously reported for cAMP, the brighter apical staining was associated in many cells with the development of extensive microvilli that were easily detectable by conventional wide field fluorescence microscopy (Fig. 5C, see inset) . The effect of aldosterone is augmented upon increasing its concentration from 200 nM to 200 M (Fig. 5, see inset) .
Aldosterone can interact in a nongenomic fashion with the mitogen-activated protein kinase (MAPK) signaling pathway involving ERK1/2 (20, 41, 51, 57) . The stimulating effect of aldosterone on H ϩ -ATPase activity in intercalated cells of OMCDs was completely inhibited when the activation of ERK1/2 was prevented using PD098059 (20 M), a specific inhibitor. Preincubation with PD098059 alone had no effect on H ϩ -ATPase activity (Table 4 and Fig. 6 ). To investigate the interaction between PKC and ERK1/2, we performed experiments using the PKC activator DOG (1 M) together with the ERK1/2 inhibitor PD098059 (20 M). The stimulation of H ϩ -ATPase activity was attenuated (Table 4 and Fig. 6 ), suggesting that ERK1/2 may act downstream of PKC.
Protein kinase A participates in aldosterone signaling. Conflicting reports exist concerning the role of cAMP and protein kinase A (PKA) activity in the rapid effects of aldosterone, suggesting that this pathway may be cell and target specific (12, 28, 38, 62) . Moreover, we have previously shown that cAMP stimulates H ϩ -ATPase activity and luminal accumulation in type A intercalated cells (55) . Thus, in a last set of experiments, the role of cAMP and PKA in the aldosterone- Values are means Ϯ SE. Incubation with aldosterone (10 nM) was for 20 min before measurement of alkalinization rates. *P Ͻ 0.05 and †P Ͻ 0.001, significantly different from control; ‡P Ͻ 0.01 and §P Ͻ 0.001, significantly different from aldosterone alone. Table 4 ). In addition, incubation with the cell-permeable cAMP analog 8-bromoadenosine-cAMP (8-Br-cAMP, 50 M) increased H ϩ -ATPase activity but to a lesser extent than aldosterone or DOG (Table 4 and Fig. 7) . Inhibition of PKA with H89 in the presence of the PKC activator DOG (1 M) did not prevent the robust stimulation of vacuolar H ϩ -ATPase activity that reached a similar level as with DOG alone (Fig.  7B) . In contrast, activation of PKA with 8-Br-cAMP in the presence of the PKC inhibitor chelerythrine (1 M) did not stimulate H ϩ -ATPase activity. These results suggest that the cAMP/PKA-dependent pathway is involved in the aldosterone action and may act upstream of PKC.
DISCUSSION
Nongenomic effects of several steroid hormones including vitamin D 3 , sex hormones, glucocorticoids, and aldosterone have been identified in various tissues and cells (for review, see refs. 25-26, 48 -50, 59, 74) . Aldosterone is mainly involved in maintaining extracellular Na ϩ and K ϩ homeostasis by regulating intestinal and renal Na ϩ absorption and K ϩ excretion (68) . Moreover, in the kidney, aldosterone also regulates acid secretion by acting on proximal tubular Na ϩ /H ϩ exchange and most importantly by stimulating H ϩ -secretion along the collecting duct. Several studies have documented the chronic effects of aldosterone and aldosterone deficiency in rat and rabbit animal models as well as in cell culture and freshly isolated turtle bladder on H ϩ -ATPase activity, the AE1 Cl Ϫ /HCO 3 Ϫ exchanger, and the ability of the collecting duct to excrete protons (1, 13-14, 16, 19, 30, 36, 39, 42, 52, 61, 65) . Some of these effects are likely mediated by changes in transcription and translation of proteins involved in acid-base transport or acting on these transporters (36) .
The biological actions of these steroid hormones are mediated not only by changes in transcription but also by much faster nongenomic mechanisms. Distinct rapid effects of aldosterone on acid-base transport in several nephron segments and kidney-derived cell lines have been described. H ϩ -ATPase activity is stimulated by aldosterone in freshly isolated rat late proximal tubule and mouse OMCD intercalated cells (44, 75) , and Na ϩ /H ϩ exchanger activity increased in the rat late proximal tubule (45) , MDCK, and M1 cell lines (20, 22, 51) . Similarly, aldosterone stimulates Na ϩ /H ϩ exchange in freshly isolated colonic crypts (76) . In contrast, in the thick ascending limb, aldosterone acutely inhibits bicarbonate absorption (23) . The intracellular signaling cascades mediating these nongenomic effects of aldosterone have been partly investigated and appear to differ between different cell types. However, most work has been done in cell culture models such as M1, MDCK, or vascular smooth muscle cells but much less information is available from freshly isolated cells and tissues. This may be important because it is well documented that cell lines harbor or loose characteristics not found or present in the native tissues (77) . Thus, we investigated the signaling cascade mediating the stimulatory effect of aldosterone on H ϩ -ATPase activity in freshly isolated mouse OMCD intercalated cells. We demonstrate that aldosterone stimulates within minutes H ϩ -ATPase activity in mouse and human outer medullary collecting duct cells. Moreover, we show that in rat outer medullary collecting duct, aldosterone induces a rapid translocation of H ϩ -ATPase to the luminal pole in vivo. These data suggest that the effect is not species specific and may also be relevant in humans.
We had recently shown that the stimulatory effect of aldosterone persists in the presence of the partial mineralocorticoid receptor antagonist spironolactone and does not require the mineralocorticoid receptor, or transcription and translation (75) . The stimulation was observed after incubation with 10 nM aldosterone for 20 min. Here we showed that stimulation could be observed even after immediate application and at a concentration as low as 1 nM. The effect of aldosterone was specific and not observed with the corticosteroid hydrocortisone.
It has been postulated that specific receptors for steroid hormones may exist that initiate their nongenomic effects (6, 46) . Some of the nongenomic effects of aldosterone and corticosterone involve membrane-bound mineralocorticoid receptors (25) (26) 35) . Moreover, GPR30, an orphan G proteincoupled receptor, has been recently identified as a receptor for estrogens and shown to mediate some of its nongenomic effects (31, 56, 67) . GPR30 may also mediate the nongenomic effects of aldosterone in some tissues (24) . Consistently, we found that the rapid stimulatory effect of aldosterone was inhibited by suramin and GP-2A, inhibitors of small G proteins. Suramin is an unspecific inhibitor of G proteins, whereas GP-2A specifically blocks G ␣q proteins (33) . Pertussis toxin was without effect, suggesting that G o and G i proteins are not involved and that the aldosterone effect involves G ␣q proteins. In addition to G protein inhibition, blockade of phospholipase C activity by U-73122 also prevented the stimulatory effect of aldosterone. This effect of U-73122 was not achieved with the inactive analog U-73343. Recently, a direct stimulatory effect of U-73122 on human PLC has been described (37); however, it is unlikely that this occurred in our experiments since U-73122 had no effect on untreated OMCDs. Similarly, other groups have described evidence for a nongenomic receptormediated activation of intracellular signaling cascades by aldosterone that were abolished by inhibitors of G proteins and PLC (11, 22, 43, 76) . The effect of aldosterone on H ϩ -ATPase activity was further mediated by Ca 2ϩ and protein kinase C stimulation as evident from 1) the lack of stimulation after chelation of intracellular Ca 2ϩ with BAPTA, 2) the previous observation that aldosterone induces an acute and transient rise in intracellular Ca 2ϩ (75) , 3) the inhibition of stimulation with the PKC inhibitor chelerythrine, and 4) the fact that the diacylglycerol analog DOG mimicked the stimulatory effect of aldosterone. Direct interactions of aldosterone with protein kinase C have been shown (3) but are unlikely to mediate the effect in OMCD intercalated cells since upstream inhibition of PLC completely abolishes the stimulatory effect. In some tissues and cells, the nongenomic effects of aldosterone involve activation of ERK1/2 MAPK kinases (20, 41, 57) . In agreement with these observations, blockade of ERK1/2 phosphorylation by PD098059 strongly reduced the stimulation of H ϩ -ATPase activity. Furthermore, it appears that ERK1/2 acts downstream of PKC, because the concomitant incubation of OMCDs with DOG and PD098059 failed to stimulate H ϩ -ATPases. This blockade, however, was not complete, which may indicate either that ERK was not fully inhibited by PD098059 or that an alternative ERK-independent pathway may exist. Thus, H ϩ -ATPase activity in OMCD acid-secretory type A intercalated cells is stimulated by a PLC/Ca 2ϩ /PKC-dependent pathway. We recently described a very similar stimulatory pathway for angiotensin II in mouse OMCD cells (58) , suggesting that it may represent a common pathway of H ϩ -ATPase stimulation in these cells. Stimulation of H ϩ -ATPase activity has also been demonstrated in a cell line derived from the rat inner medullary collecting duct requiring intracellular Ca 2ϩ , PLC, and PKC activity (53, 60, 63) . Similar observations have been made in the epididymis (5) . The activation of protein kinase C is sufficient to induce the rapid translocation of H ϩ -ATPases to the luminal side of type A intercalated cells as demonstrated by the DOG in vivo experiments. Consistently, we have previously shown that disruption of the microtubular network with colchicine abolishes the stimulatory effect of aldosterone (75) and colchicine administration in vivo disrupts H ϩ -ATPase trafficking (10) . Whether calcium is also directly required for the trafficking and insertion of H ϩ -ATPases into the membrane remains to be further examined.
We and others have recently shown that the cAMP-dependent pathway stimulates H ϩ -ATPase activity in renal intercalated cells and induces its translocation into the apical membrane (4, 55) . Similarly, blockade with two different inhibitors of a protein kinase A-dependent pathway reduced the stimulatory effect of aldosterone. Incubation of OMCDs with the cAMP analog 8-Br-cAMP stimulated H ϩ -ATPase activity but to a lesser extent than the PKC-dependent pathway. The stimulation produced by 50 M 8-Br-cAMP could not be increased with higher concentrations, indicating that maximal stimulation had been reached. However, pharmacologic stimulation of the PKC-dependent cascade appears to be sufficient for the increase in H ϩ -ATPase activity because DOG in the presence of H89 enhanced vacuolar H ϩ -ATPase activity. In contrast, activation of PKA with 8-Br-cAMP and concomitant inhibition of PKC with chelerythrine prevented the stimulation of H ϩ -ATPase activity, suggesting that PKA requires intact PKC to be effective and that PKA may act upstream of PKC (see hypothetical model Fig. 8 ). Taken together, it appears that PKA may rather have a modulatory effect and that PKC may transmit the main signal. A mild stimulatory effect of a PKAdependent pathway on bicarbonate absorption has been described previously in perfused rabbit outer medullary collecting duct and may thus reflect a physiologically relevant route of regulation of vacuolar H ϩ -ATPase activity (29) . Besides its well-documented effects on renal Na ϩ and K ϩ transport, aldosterone is an important regulator of renal acid secretion acting mainly on H ϩ -ATPases along the collecting duct. The significance of the stimulatory effect of aldosterone is highlighted by the fact that various inborn or acquired syndromes associated either with aldosterone deficiency or with insufficient aldosterone signaling in the kidney are invariably associated with distal renal tubular acidosis and hyperkalemia (15) . It is possible that the rapid nongenomic and slower genomic stimulatory effects of aldosterone on H ϩ -ATPase activity may interact in several ways as is becoming increasingly clear for the effects of aldosterone on the major Na ϩ -transporting mechanisms in the collecting duct (43, 64) . Thus, mechanisms identified here may not only lead to the rapid stimulation of H ϩ -ATPase activity but may also contribute subsequently to the activation of genomic events.
In summary, aldosterone rapidly stimulates H ϩ -ATPase activity in acid-secretory OMCD intercalated cells from mouse and human kidney and induces the net translocation of pumps to the luminal membrane. This nongenomic effect is mediated via a PLC/Ca 2ϩ /PKC-dependent pathway but is interconnected with the cAMP-PKA cascade. ERK1/2 kinases are essential for stimulation. A membrane G ␣q protein-coupled receptor may be involved in initiating these cascades. The rapid nongenomic stimulation of H ϩ -ATPases by aldosterone may be part of the biological action of aldosterone in the kidney and contribute to the increase in acid secretion and control of systemic acid-base homeostasis. 
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